The carbon (C) sink strength of arctic tundra is under pressure from increasing populations of arctic breeding geese. In this study we examined how CO 2 and CH 4 fluxes, plant biomass and soil C responded to the removal of vertebrate herbivores in a high arctic wet moss meadow that has been intensively used by barnacle geese (Branta leucopsis) for ca. 20 years. We used 4 and 9 years old grazing exclosures to investigate the potential for recovery of ecosystem function during the growing season (July 2007). The results show greater above-and belowground vascular plant biomass within the grazing exclosures with graminoid biomass being most responsive to the removal of herbivory whilst moss biomass remained unchanged. The changes in biomass switched the system from net emission to net uptake of CO 2 (0.47 and -0.77 lmol m -2 s -1 in grazed and exclosure plots, respectively) during the growing season and doubled the C storage in live biomass. In contrast, the treatment had no impact on the CH 4 fluxes, the total litter C pool or the soil C concentration. The rapid recovery of the above ground biomass and CO 2 fluxes demonstrates the plasticity of this high arctic ecosystem in terms of response to changing herbivore pressure.
Introduction
Tundra ecosystems can store substantial amounts of carbon (Ping et al. 2008; Tarnocai et al. 2009 ). Across the landscape, wet areas have the greatest CO 2 assimilation (Giblin et al. 1991; Sjögersten et al. 2006) due to low decomposition resulting in the greatest C storage in wet areas (Tarnocai et al. 2009 ). Although climate change is considered the greatest threat to arctic ecosystems and the arctic C store (ACIA 2005) , herbivory has been shown to impact the C uptake more strongly than elevated temperature, particularly in wet ecosystems (Sjögersten et al. 2008) . Indeed, herbivores have been found to impact many aspects of arctic ecosystem function e.g. net primary productivity, litter decomposition and nutrient cycling through inputs from faeces (Stark et al. 2003; Semmartin et al. 2004; Bråthen et al. 2007; Sjögersten et al. 2008) .
Geese are currently one of the most abundant groups of herbivores in the Arctic (Van der Wal 2005) and goose populations continue to increase due to changes in both land use and climate in their temperate overwintering and migration areas as well as in their breeding areas in the North (Abraham et al. 2005; Fox et al. 2005; Gauthier et al. 2005; Kéry et al. 2006) .
Increases in the number of arctic breeding geese have dramatically reduced ecosystem productivity of coastal marshes along the Hudson Bay area in Canada . Here grubbing by geese has caused complete loss of the vegetation cover and organic horizon and although the impact of this degradation on C storage has not been studied it is likely to be severe. In the case of ecosystems that have been severely degraded as a consequence of overgrazing a new stable state might establish , with recovery of the vegetation being a slow process even if the grazing pressure is reduced (Handa and Jefferies 2000; Handa et al. 2002) . However, in areas where the impact of herbivory does not result in an alternative stable state devoid of vegetation but merely a shift from one vegetation state to another (e.g. from grass dominated to moss dominated), the ecosystem might be able to change relatively quickly in response to reduced grazing pressure (Van der Wal 2006) . Such long-term and large-scaled ecosystem degradation as witnessed along the Hudson Bay coast has not yet been observed in the European Arctic (Jefferies and Drent 2006) . However, on a smaller scale, ecosystem degradation caused by grubbing by geese is also evident on Spitsbergen, linked to the increase in pink-footed geese (Anser brachyrhynchus) in the area (Speed et al. 2009) . Furthermore, in studies on Spitsbergen grazing by barnacle geese (Branta leucopsis) has been found to reduce the CO 2 uptake of wet tundra (Sjögersten et al. 2008 ) and grubbing for below ground plant tissue by pinkfooted geese during spring reduced the CO 2 uptake of wet tundra as well as the C storage in both plant biomass and the soil organic horizon ( Van der Wal et al. 2007) .
A key issue not yet addressed is the recovery capacity of the C fluxes of arctic tundra if grazing was removed through for example predation or density dependent population dynamics. In relation to goose grazing it is plausible that the recovery of the C uptake rate will be closely related to the extent the vegetation recovers since the above ground biomass appears to be the strongest driver of the CO 2 uptake (Sjögersten et al. 2008 ; Van der Wal et al. 2007) . If the vegetation recovers quickly in response to reduced grazing pressure then the CO 2 sink strength could potentially be restored over a relatively short time period should grazing pressure drop. If the grazing or grubbing on the other hand is associated with substantial C loss from the soil through erosion processes (McLaren and Jefferies 2004; Van der Wal et al. 2007 ), recovery of the soil C storage is likely to be slow.
In this study, we use Ny-Å lesund, Spitsbergen, as a model system to quantify the recovery potential of ecosystem function, compared to ungrazed areas on Spitsbergen, following long term intensive goose grazing. This site has been heavily grazed by geese for more than 20 years (Tombre et al. 1998) , over which period the vegetation has changed substantially and hence provides an ideal location to investigate the recovery of C uptake rates following goose removal and explore the mechanisms by which the presence or absence of geese drives C dynamics in arctic ecosystems.
Only limited information exists on grazing impacts on methane (CH 4 ) fluxes in arctic ecosystems despite the importance of CH 4 for the balance of sinks and sources of radiatively active trace gases in tundra ecosystems. In temperate wetland, grazing by swans has been found to reduce CH 4 production and increase CH 4 uptake in response to bioturbation and increased aeration of the soil surface (Bodelier et al. 2006) indicating that herbivores may be important drivers of CH 4 fluxes in wetland systems. Additionally, herbivores may also impact on CH 4 fluxes indirectly through their impact on the vegetation (Torn and Chapin 1993; Joabsson et al. 1999; Kutzbach et al. 2004) .
In this study we tested the following overarching hypothesis: Removing herbivores from grazed moss meadows will increase the C uptake during the growing season and ecosystem C storage in standing biomass to levels similar to ungrazed moss meadow areas. We also hypothesise that increased below ground C inputs resulting from greater plant biomass stimulate the microbial biomass and dissolved organic C (DOC) in the soil. In contrast, we expect that the total soil C concentrations remain unchanged since we anticipate this pool to respond only over longer time scales. In order to test these hypotheses we measured CO 2 and CH 4 fluxes, standing biomass and litter C pools, microbial biomass and DOC and soil C concentrations in established (4 and 9 years old) grazing exclosures and their adjacent controls.
Materials and methods

Site description
This research was carried out on high arctic Svalbard, Norway, in and near the small settlement of Ny-Å lesund on the island of Spitsbergen. The Ny-Å lesund area, situated on the shores of Kongsfjorden on the west coast (78°55 0 N, 11°56 0 E), has supported a breeding population of barnacle geese (Branta leucopsis) for more then 20 years. Over this period the number of breeding geese increased from the first pair in 1980 to a peak of 329 nests in 1997 (Tombre et al. 1998) . Most birds breed on small islands in the fjord but both families and nonbreeding birds rely heavily on the Ny-Å lesund area throughout summer for foraging. We focussed our research on two locations, Solvatnet and Thiisbukta, which are on either side of Ny-Å lesund and highly favoured by geese; both locations represent wet tundra with similar ecosystem characteristics and goose utilisation levels. The growth of the goose population has strongly impacted the vegetation in the area, leading to the suppression of both grasses and herbs i.e. the preferred forage species (van der Wal and Hessen 2009). In the wetter areas preferentially used by geese the vegetation now consists predominantly of mosses.
The climate in the area is oceanic and hence relatively mild given the latitude. The mean annual temperature in the region is -6.3°C. The January mean temperature is -14.7°C and the July mean temperature is around 4.7°C. The mean annual precipitation is 370 mm. The landscape is underlain by permafrost and surface soils start thawing in June reaching maximum thaw depths in late summer (August).
The wet moss-dominated vegetation in the study areas is largely composed of Calliergon sp. with the grass Poa arctica as the dominant vascular plant; herbs are very low in abundance. The depth of the soil organic horizon is variable (ranging from 10 to more than 300 mm in the wettest areas) and at Thiisbukta it contained layers of silt, or was washed through with silt, indicating that the area is fed with silt during snowmelt through overland flow. The soil organic horizon was composed of largely poorly decomposed moss tissue.
Experimental design
To assess the recovery of C uptake rates of the ecosystem we utilized long term grazing exclosures. Exclosures were set up at the two study sites within the Ny-Å lesund area, i.e. Solvatnet and Thiisbukta, in 1998 (n = 5) and 2003 (n = 6), respectively. These consisted of ca. 0.5 m high wire netting with string across the top to prevent geese from entering the plots. Grazed controls were staked out within 1-2 m of the exclosures. Within each of the two wetlands, the plot pairs were spaced ca. 20-30 m apart across a 0.5-1 ha area. The exclosures measured 0.7 m 9 0.7 m and 2 m 9 2 m at Solvatnet and Thiisbukta, respectively. At both sites care was taken to sample in the central part of the plots to avoid problems with edge effects leaving a buffer zone of ca. 20 cm. The two study areas are ca. 0.5 km apart.
In the summer of 2007 a sampling campaign was undertaken to determine how the vegetation and total soil C concentrations responded to the removal of herbivores at both sites. We also quantified the effect of herbivore removal on dissolved organic C, microbial biomass, fluxes of CO 2 and CH 4 during the growing season at the Thiisbukta site. The data collection during July took place under a range of light and temperature conditions. The field based C flux measurements were done at the 4 year old exclosures at Thiisbukta only and formed the basis for the investigation of links between C fluxes and grazing. The specific methods used for determining the C pools and fluxes are outlined below.
Vegetation sampling and C pools
To quantify the response of the vegetation to the exclusion of geese, plant biomass data were collected from the exclosures in July 2007. For each exclosure and control plot, two 7 cm 9 7 cm turves for biomass and vegetation C pool determination were collected at the end of July. From Thiisbukta two additional turves were collected 1 and 2 weeks prior to the end of July sampling (i.e. a total of three sampling points over time, ca. 1 week apart) to provide a biomass sample that temporally closely corresponded to the CO 2 flux measurement (which are outlined below) to account for the rapid development of the vegetation during the short growing season. The turves were collected down to the mineral horizon (depth of the soil organic horizon was 71 mm (3-142) and 54 mm (15-98), mean, minimum and maximum, at Thiisbukta and Solvatnet, respectively). The above ground vegetation was sorted into the live fractions of functional groups (namely: grasses, herbs, Equisetum sp., deciduous shrubs and mosses) and the litter fraction was separated into the non-photosynthesising part of the moss (here after denoted 'brown' moss) and vascular plant litter. Root biomass for each exclosure and control plot was determined in one of the turves collected at the end of July. Each separate vegetation fraction from the final harvest in July 2007 was subsequently analyzed for its C and N content using a Carlo Erba NA 1500 elemental analyser and the C and nitrogen (N) pool in each biomass fraction was calculated. In addition to the biomass determinations the depth of the green and brown (litter) parts of the moss mat were measured when the turves were collected.
Soil C and microbial biomass
Soil samples for determination of treatment responses of soil organic horizon C concentration were collected from all plots as described above and the depth of the soil organic horizon was measured. The C and N content was determined using a Carlo Erba NA 1500 elemental analyser. To explore if the grazing treatment impacted on the soil microbial community, soil microbial biomass was determined in the soil organic horizon (down to 5 cm below the moss mat) at the Thiisbukta site. Since temporal variation in soil microbial biomass is known to be strong in arctic environments (Bardgett et al. 2007 ), microbial biomass was estimated in the temporally (i.e. all three sampling occasions) replicated turves collected for biomass determination. The turves to be used for microbial biomass determination were frozen on the day of collection and were kept frozen during transport (ca. 2 weeks in total) prior to analysis. Subsequently, soils were thawed and microbial biomass C was estimated using the chloroform fumigation extraction method (Vance et al. 1987) . Briefly ca. 20 g of fresh soil were exposed to a chloroform atmosphere for 24 h and extracted in 100 ml 0.5 M K 2 SO 4 whilst a parallel unfumigated sample of soil was extracted directly. Total organic C in the extracts was analysed using a Shimadzu TOC-V carbon analyser (Shimadzu Corp, Kyoto, Japan). Soil microbial biomass was calculated as the difference between fumigated and unfumigated samples (Vance et al. 1987) .
Dissolved organic C in the soil solution
The dissolved organic carbon (DOC) was collected from the soil organic horizon (under the moss litter layer) using Rhizon samplers which are 10 cm long thin probes made from a hydrophilic porous polymer tube with a pore diameter of ca. 0.1 lm (Rhizosphere research products, Wageningen, the Netherlands). The Rhizon samplers were inserted parallel with the ground surface in the top part of the soil organic horizon and left to settle for 1 week prior to sampling. A 20 ml sample of the soil solution was collected by applying a gentle vacuum using a syringe. The samples were collected in parallel with the biomass sampling at Thiisbukta (i.e. once a week over a 3-week period). Samples were frozen directly after collection. The samples were thawed prior to analysis and the organic C content in the soil solution was analysed the same day using a Shimadzu TOC-V carbon analyser (Shimadzu Corp, Kyoto, Japan).
Fluxes of CO 2
Ecosystem CO 2 fluxes were measured with custombuilt flux measurement chambers (30 cm diameter, 12 l volume) clamped to steel rings inserted into the soil, and each attached to an EGM-4 Infra Red Gas Analyzer using an open dynamic system with a through flow of 11 l min -1 (to avoid CO 2 , temperature and pressure build up within the chambers), which collected data continuously (switching between reference and chamber air every 30 s) from the plots with an average record of the CO 2 flux taken every 2 min (IRGA; PP Systems, Hitchin, UK-see Sjögersten et al. (2006) for details). CO 2 fluxes were measured on five separate days per plot to estimate treatment effects; all measurement took place between 10:00 and 17:00 h. Each exclosure and grazed plot pair were measured concurrently and the measurements were spread evenly across the day for the plot pairs to ensure that data collected from all plots reflected the full range of light and temperature conditions. During the midday measurements throughout July both net ecosystem exchange (NEE) and ecosystem respiration (R e ) were measured on each plot in the following sequence: the system was allowed to equilibrate for 5-10 min, NEE data were collected for 20 min, a hood was placed over the chamber to exclude light and stop photosynthesis, the system was allowed 5-10 min to equilibrate, and then R e was measured for 15 min (the difference in measurement time was to reflect to greater variation in NEE as light conditions varied). After the initial period of equilibration, temperature or humidity did not increase within the chamber during the measurement period. From each measurement period mean values were determined for NEE and R e . To obtain an estimation of gross ecosystem photosynthesis (GEP) the mean plot R e fluxes were subtracted from the mean plot NEE fluxes for each measurement period. The midday measurements illustrate maximum uptake rates; negative CO 2 flux values indicate uptake of CO 2 while positive values represent an efflux of CO 2 to the atmosphere. To assess the effects of treatment on diurnal fluctuations in net ecosystem exchange of CO 2 , 24 h measurements were carried out on three occasions per plot in July 2007; for these measurements the chambers were placed on the plots for 24 h allowing CO 2 fluxes to be measured continuously. To quantify night time fluxes, NEE, R e and GEP fluxes were measured at midnight on two occasions in all of the plots in mid to late July 2007 using the same sequence of measurements as for the midday data collection.
Photosynthetically active radiation (PAR) and air temperature (ca. 10 cm above the ground surface) were recorded simultaneously with the CO 2 fluxes within the chambers.
Fluxes of CH 4
CH 4 fluxes were sampled on four occasions in July from the plots in Thiisbukta using the closed chamber technique. The head spaces were transparent with a volume of 7.8 dm 3 and the surface area was 0.062 m 2 . In the wetter plots, the head spaces were very gently placed onto the wet moss mat and in the drier plots, they were inserted carefully to ca. 5 cm depth to ensure that a good seal between the ground and the headspaces was achieved. Gas samples were collected at T = 0 min and again at T = 20 min through suba seals using hypodermic needles. Each 30 ml gas sample was injected onto a 12 ml evacuated exetainer, the over pressure in the exetainers allowed us to check for leaks. Gas samples were subsequently analysed on a Shimadzu Gas Chromatograph with a 1 ml sample loop, a molecular sieve column and a flame ionisation detector. Note that the two sampling times did not allow us to check for linearity of the change in CH 4 concentration in the head spaces so our data might be a slight over or under estimation of the actual fluxes.
Soil moisture and temperature measurements Soil temperature at 5 cm depth and volumetric and gravimetric soil moisture content were measured in parallel with the gas flux measurements and the biomass harvest. Three measurements were taken in each plot to incorporate some of the spatial variation. Additionally, the soil temperature and the volumetric soil moisture content were determined in the immediate vicinity of where biomass samples were collected at the time of the final harvest. Soil temperature was measured using temperature probes (RS components, UK), and volumetric soil moisture using a hand-held Theta probe and meter (DT devices, Burwell, UK). Gravimetric soil moisture content was measured by drying 5 g subsamples at 105°C.
Data analysis
All data analyses were performed using Genstat vs. 10 (www.genstat.com). The Treatment, Site and Site 9 Treatment effects were analysed using mixed linear models (REML-residual maximum likelihood) with 'block' as the random effect. To test for treatment effects on biomass and C pools we used the end of July sampling point. Since the CO 2 , CH 4 fluxes, DOC and soil microbial biomass were collected on several occasions we used a repeated measures mixed model for analysis of treatment effects. Testing for how much of the variance in the Biogeochemistry (2011) 106:357-370 361 dependent variable, previously attributed to the treatment effect, was absorbed by covariates was done by fitting the covariate in the model first. For these two types of analysis we used the default methods for calculating the F statistic, AI optimisation and a maximum of 20 iterations. Note that the mixed model repeated measures block structure gives rise to variable denominator degrees of freedom depending on the strength of the random effect. The linear regressions were carried out using plot means. Moss depth was log transformed prior to regressing it against soil temperature to meet to normality assumption of the residuals.
Results
Plant biomass and standing litter
Total above ground live biomass in the exclosures was nearly double that of the grazed controls in both shortterm (4 years: 391.5 ± 91.3 vs. 221.9 ± 30.4 g m -2 , mean and ±SE shown throughout) and longer-term (9 years: 322.2 ± 36.0 vs. 196.9 ± 30.0 g m -2 ) exclosures, which is reflected by the significant overall treatment effect: F 1,9 = 8.63, P \ 0.05; Fig. 1 . Root biomass and vascular litter biomass were also substantially (12 and 28 times, respectively) higher in exclosures ( Fig. 1; F 1,9 = 11.28, P \ 0.01 and F 1,9 = 6.24, P \ 0.05, respectively). It was clear that some plant groups were more responsive to the absence of grazers than others. Notably grasses, but also herbs, showed a strong increase in biomass following herbivore exclusion (Treatment effects: F 1,9 = 8.98, P \ 0.01 and F 1,9 = 6.52, P \ 0.05, respectively). The apparent positive effect of grazer exclusion on Equisetum arvense was not statistically significant (P [ 0.1). However, it is worth noting that the grazing exclosures at Thiisbukta (Equisetum was not visible in the plots at the start of the experiment) was the only obvious occurrence of this plant species in the Ny-Å lesund area. Contrary to expectation, the biomass of neither green nor brown moss differed between exclosure and grazed control (P [ 0.3). Overall, the exclosures resulted in a shift from a system nearly completely dominated by mosses towards a system with an overstorey of vascular plants above the moss mat. The absence of any significant site or site 9 treatment effects indicates that the removal of grazing leads to a relatively rapid (B4 years) response in plant vascular biomass with little further change as judged from the pattern in the longer term (9 years) exclosures (76 and 63% increase of biomass in the 4 and 9 years exclosures, respectively).
C pools
Vegetation and litter
The increase in vascular plant biomass in the exclosures was reflected in increased C storage in the vegetation at the two sites (110 and 94% at Thiisbukta and Solvatnet, respectively, F 1,9 = 12.53, P \ 0.01; Table 1 ). The increased C pool in the Fig. 1 Biomass of plant functional groups and standing litter in grazed (white bars) and ungrazed exclosure (black bars) plots measured at peak biomass at the two wet moss tundra study sites: Thiisbukta (4 year old exclosures) and Solvatnet (9 year old exclosures). Brown moss refers to below ground non-photosynthesising brown moss tissue. Mean and SE are shown (n = 6 and 5 at Solvatnet and Thiisbukta, respectively) vegetation in the exclosures was due to an increase of the vascular C pool (F 1,9 = 18.17, P \ 0.01) rather than moss C pool which did not increase in the exclosures (P [ 0.3). Similarly, with respect to C inputs to the soil system, vascular litter C inputs tended to be increased (F 1,8 = 3.97, P = 0.08) in the exclosures but not the total litter C input to the soil (P [ 0.7) which was composed largely of moss litter. Despite the different times (4 and 9 years) the treatment plots had been protected from grazing, the treatment effect was similar at the two sites (i.e. no significant site 9 treatment interaction). This suggests that within 4 years most of the recovery from grazing of the vegetation C pool had already taken place and after this point further changes in the standing C pool in the biomass are more gradual as already indicated by the biomass data in the previous section.
The plant tissue C to N ratio was differentially affected by the exclosures: In grasses the C to N ratio was significantly lower in grazed plots (12.7 ± 2.0 and 20.1 ± 1.5 in grazed and exclosure plots respectively; F 1,20 = 8.76, P \ 0.01) and there was a tendency for lower C to N ratios also in the root biomass (which is mainly composed of grasses) (24.3 ± 1.4 and 30.7 ± 3.1 in grazed and exclosure plots, respectively; F 1,16 = 3.08, P = 0.098). In contrast, there were no significant effects of the treatment on the C to N ratios in either herbs (16.5 ± 3.6 and 17.4 ± 1.7 in grazed and exclosure plots, respectively; P [ 0.7, mean 17.1 ± 1.6) or green moss tissue (P [ 0.6, mean 27.6 ± 1.2). The grazing exclosures did not impact on either moss (P [ 0.8) or vascular (P [ 0.4) litter C to N ratios. Additionally, the moss and vascular leaf litter C to N ratios were similar, at 28.25 ± 1.18 and 27.60 ± 1.37, respectively.
Soil and microbial biomass C and N
As expected, grazer exclusion did not measurably alter the total concentration of C in the soil organic horizon (P [ 0.3; Fig. 2a ) or the depth of the soil organic horizon (P [ 0.4, 72 ± 20 mm vs. 70 ± 22 mm at Thiisbukta and 46 ± 12 mm vs. 62 ± 13 mm at Solvatnet for grazed and exclosure plots, respectively). However, N levels in the soil organic horizon were slightly lower in the exclosures (F 1,9 = 6.93, P \ 0.05): 0.54 ± 0.13% vs. 0.41 ± 0.16% at Thiisbukta and 2.09 ± 0.33% vs. 1.50 ± 0.38% at Solvatnet for grazed and exclosure plots, respectively. With respect to the more labile pools of C, DOC were not affected by the treatment (P [ 0.1) however, DOC concentrations decreased significantly (F 2,13 = 7.64, P \ 0.01) over the measurement period (Fig. 2b) . The size of the microbial biomass C pool appeared resilient to the exclusion of geese as there was no effect of the treatment (P [ 0.6) and there were no significant variation in microbial biomass over time (P [ 0.1) (Fig. 2c) .
Fluxes of C in the field
CO 2 fluxes
The light conditions (ranging between 200 and 1,200 lmol of photons m -2 s -1 ) were a good predictor of the variation in NEE and GEP whilst air temperature (ranging between 9 and 25°C) predicted variation in R e (Fig. 3) ) of CO 2 to the atmosphere whilst the exclosures showed net uptake (-0.77 lmol m -2 s -1 ) of CO 2 in July (period of maximum photosynthesis based on sampling occasions at midday; Fig. 4 ). Both gross ecosystem photosynthesis (GEP) and ecosystem respiration (R e ) rates were greater (i.e. more negative in the figure for GEP) in exclosures than in grazed plots with the effect being larger for GEP than for R e .
The strongest effect of herbivore exclusion on C fluxes was observed during daytime (10 am to 5 pm); there was no significant treatment effect on NEE at night (despite the relatively high light levels due to the midnight sun) (Fig. 5a ). The NEE in exclosure plots tended to follow the daily pattern in PAR and air temperature (Fig. 5b, c) whilst grazed plots showed no pronounce daily cycle in NEE. Interestingly, although no significant treatment effect was found for NEE during night time (11 pm to 1 am) it was clear that R e rates were still somewhat elevated in the exclosures (F 1,4 = 17.71, P \ 0.05), being 1.4 ± 0.1 and 1.9 ± 0.2 lmol of photos m -2 s -1 in grazed and exclosure plots respectively, whilst no significant treatment effect was apparent for GEP at midnight (P [ 0.2). Interestingly, although substantially (ca. 40%) lower than daytime fluxes, GEP was still measureable at midnight (e.g. -1.0 ± .01 lmol m -2 s -1 in control plots). Photosynthetically active radiation at midnight was 140 lmol of photons m -2 s -1 when averaged over the measurement period. This indicates that the large day time differences in GEP between grazing treatments are likely to be driven by species with greater light demand, since the grazing effect on GEP disappears at midnight when light levels are low.
Both components of NEE, R e and GEP, appeared to be linked to above ground vascular biomass (Fig. 6 ). Indeed, above ground biomass was a significant covariate (F 1,15 = 14.29, P \ 0.01 and F 1,11 = 14.13, P \ 0.01 for R e and GEP, respectively) which absorbed the variation previously predicted by the Fig. 2 a Soil total C concentrations in the soil organic horizon, b dissolved organic carbon (DOC) in the soil pore water in the soil organic horizon and c microbial biomass C in the soil organic horizon. G4 and E4 and G9 and E9 represent the 4 and 9 years old grazed (G) and exclosure (E) plots at Thiisbukta and Solvatnet, respectively. W1, W2 and W3 indicated the three consecutive weeks in July 2007 when the DOC and microbial biomass measurements were carried out. Mean and SE are shown (n = 6 and 5 at Solvatnet and Thiisbukta, respectively) grazing treatment for both R e and GEP such that the treatment effect was no longer significant. This was not the case for NEE itself. No other measured environmental (soil temperature and soil moisture) or soil biological parameter (below ground biomass, DOC C and N content, microbial biomass) accounted for variation in CO 2 fluxes in relation to the treatment.
CH 4 fluxes
The variation in CH 4 fluxes could be partially explained by the volumetric soil moisture content in the soil organic horizon (R 2 = 0.52, F 1,8 = 10.66, P \ 0.05) with CH 4 uptake dominating in plots with drier surface conditions and CH 4 efflux dominating in wet plots (fluxes ranged between -46 and 25 lg CH 4 m -2 h -1 ). However, there was no significant difference between grazed and ungrazed plots throughout July (P [ 0.4, 0.18 ± 4.6 and -0.35 ± 2.1 lg CH 4 m -2 h -1 , in control and exclosure plots, respectively) suggesting that grazing does not exert a strong control over the net CH 4 fluxes at these sites, at least not over the time frame of our study. Soil temperature and moisture content As expected, soils were found to be colder below deep moss mats as described by a significant negative regression between soil temperature and moss depth (R 2 = 0.22, F 1,20 = 6.90, P \ 0.05). There was a trend for increased moss depth in exclosures (overall for Thiisbukta and Solvatnet: 20 ± 3 and 31 ± 7 mm in grazed and exclosure plots, respectively), but this was not significant (P = 0.16) possibly due to the relatively short time that the exclosures at Thiisbukta were present. The volumetric moisture content of the surface moss was lower in the exclosures (0.73 and 0.46 m 3 m -3 in grazed and exclosure plots, respectively; F 1,6 = 8.19, P = 0.03) due to the reduced compaction. The drier moss surface was associated with higher temperatures in surface moss mat (5 cm below the surface) in exclosures (8.9 vs. 8.2°C; F 1,10 = 35.57, P \ 0.001) than in grazed plots. However, in the soil organic horizon the moisture content (below the moss mat) did not vary between treatments (P [ 0.2). As noted above neither changes in soil temperature nor soil moisture appeared to drive the changes seen in CO 2 fluxes.
Discussion
In this study we have demonstrated that the exclusion of herbivores from wet moss meadows which had been grazed intensively by geese for the previous 20 years allowed a relatively fast increase in vascular plant biomass, vascular plant C storage and C uptake rates. Interesting comparisons can be made between the extent of recovery observed in the grazing exclosures and the characteristics of a naturally ungrazed moss meadow in Adventdalen, a valley further south on Spitsbergen. This demonstrates that after only 4 years, the removal of herbivores from the wet meadow tundra at Ny-Å lesund led to the restoration of the vascular biomass, and C storage in that biomass, to levels that exceed those at the ungrazed site in Adventdalen where the total C storage in the vascular biomass was 18.0 ± 3.1 g m -2 (Sjögersten et al. unpublished data) . Consequently, the C uptake rates in the ungrazed plots in Ny-Å lesund attained a magnitude similar to that observed in the ungrazed meadow in Adventdalen (-0.68 lmol m -2 s -1 ; Sjögersten et al. 2008) . This indicates that recovery from heavy grazing to what whilst negative values indicate uptake of CO 2 from the atmosphere. Significant treatment effects were between 8.00 and 20.00 h. For NEE means (two hourly) were first calculated on the treatment level and the means and standard deviations over the tree sampling periods were calculated to demonstrate the temporal (between weeks) variability in CO 2 fluxes and the abiotic conditions (PAR and air temperature) might be expected for an ungrazed wet tundra system can be rapid. A similar rapid increase in above ground biomass in heavily grazed moss meadows following the exclusion of geese has been found also on Bylot Island, Canada (Gauthier et al. 2004) . This increased C uptake in the exclosures contrasts to long term grazing exclosures on shrub dominated moorlands where grazing actually enhances the C sink strength of the ecosystem (Ward et al. 2007 ). This shows that herbivores impact on the C uptake differently in contrasting habitats either through the herbivores impact on the relative proportions on plant functional groups within the ecosystem (De Deyn et al. 2008 ) and/ or the grazing intensity (Zacheis et al. 2001) . The exclusion of the herbivores had the greatest effect on CO 2 fluxes during day time, when CO 2 uptake was substantially greater under ungrazed conditions, most likely due to the greater vascular plant biomass (mainly grasses) and its greater photosynthetic activity compared to mosses (Otieno et al. 2009; Ward et al. 2009 ). In fact, whilst the grazed vegetation showed little diurnal variation in NEE, the ungrazed plots exhibited the same diurnal pattern as observed in the ungrazed moss meadows in Adventdalen (Sjögersten et al. 2008 ). There was no significant effect of grazer exclusion on NEE during the night. Yet, R e was higher in exclosure plots both during the day and at midnight, suggesting that the increased above and below ground plant biomass gave rise to increased respiration rates throughout the diurnal cycle. The similar levels of GEP in grazed and exclosure plots at midnight indicate that only the mosses, which had comparable biomass in exclosures and grazed plots and completely dominated the vegetation in grazed plots, are able to maintain photosynthesis rates right through the 24 h cycle. Mosses have been shown to have low light requirements compared to grasses (Uchida et al. 2002; Douma et al. 2007; Otieno et al. 2009 ) and our results suggests that during the period of midnight sun at this high arctic site, the light levels in the night are sufficient for their photosynthesis.
It is possible that the magnitude of response to the grazing treatment would vary between years given that the CO 2 fluxes are strongly influenced by light levels and temperature. The 2007 growing season were within the max and min values for both temperature and precipitation (Table 2 ) but were on the warmer end so the effect by herbivores on the net uptake of CO 2 might have been more pronounced in years when lower temperatures suppresses R e .
CH 4 efflux was generally low compared to other wet high arctic sites (Mastepanov et al. 2008; Wille et al. 2008) , whilst the CH 4 consumption rate in the drier plots compared to rates measured from mineral soil along the Yenissej river, northern Russia (Flessa et al. 2008 ) and tundra heath in northern Scandinavia (Sjögersten and Wookey 2002) . The exclosures had no impact on the net CH 4 fluxes despite the fact that the treatment altered many aspects of the ecosystem, which have the potential to impact on CH 4 fluxes e.g. graminoid and root biomass, temperature and moisture in the moss surface. This suggests that after 4 years neither the shifts in vegetation in the exclosures (e.g. through increases in root exudates with larger grass biomass (Trinder et al. 2008) , nor the reduced C inputs from faeces, substantially altered the belowground production of labile C which is the precursor to CH 4 production (Wagner et al. 2003) . Furthermore, this also suggests that the changes in nutrient inputs from the faeces did not have a strong impact on net CH 4 fluxes. There was no significant effect of herbivore removal (either after 4 or 9 years) on the soil organic matter C storage despite the pronounced effects on biomass and CO 2 fluxes, suggesting that any changes in the soil C concentration in response to ecosystem recovery from grazing would be slow. A similar lack of increased below ground C storage, despite a substantial increase in aboveground biomass after 2 years of removal of herbivores was noted in grazed marshes is Louisiana (Ford and Grace 1998) . However, the substantial increases of below ground biomass following the removal of the herbivore might be an important factor that in the future could impact on quality and quantify of the C input to the soil organic matter given the recalcitrance and size of the root C pool in ungrazed tundra systems (Loya et al. 2004; Woodin et al. 2009 ).
With respect to litter chemistry, the moss litter C to N ratio (28.25 ± 1.18, average for grazed and exclosure plots, note that these were not significantly different) was lower compared to that of moss litter in the ungrazed moss meadows in Adventdalen on Spitsbergen (42.4 ± 4.1, S. Sjögersten unpublished data), and was comparable to that of vascular litter in the grazed and exclosure plots. This low moss litter C to N ratio indicates that N inputs from geese would increase moss litter decomposition given that this tends to be N limited (Quested et al. 2003) . The fact that the C to N ratio is comparable in both exclosures and grazed plots is likely to be linked to persistence of N in the moss mat (i.e. old goose N is still held in the moss mat in the exclosures ). The lower soil N found in exclosures is likely to be due to (i) reduced N inputs from faeces, (ii) the result of the reallocation of N from the soil organic matter to plant tissue supporting the substantially greater growth of the vegetation or a combination of the two processes. This suggests that grazing in this high arctic system results in a larger component of the ecosystem N to be held in the soil. Despite the higher soil N in grazed plots we saw no indication of elevated decomposition rates (e.g. lower C concentrations, depth of the soil organic horizon) compared to in the exclosures. This contrasts with the rapid loss of C that has been found in response to experimentally increased N levels in Alaska (Nowinski et al. 2008) suggesting that N inputs will impact on decomposition differently in contrasting tundra habitats in relation to the SOM quality and the level of N inputs.
The recovery of the above ground biomass and CO 2 fluxes demonstrates the plasticity of this high arctic ecosystem in terms of response to changing herbivore pressure. Given that the study area had been heavily grazed for the previous 20 years, the relatively quick response (4 years) of the vegetation demonstrates that neither nutrient levels nor the seed bank (Kuijper et al. 2006) have been eroded over this period to a point from which recovery of ecosystem function is no longer possible. The rapid recovery and the removal of the herbivore has been demonstrated not to be sufficient to restore the vegetation (Handa and Jefferies 2000) . However, it is worth noting that in addition to grazing, which is the focus of this study, below ground feeding activities (or grubbing) by pink-footed geese, on a par with snow geese, have been observed to impact wet systems across Svalbard (Speed et al. 2009 ). Since grubbing is more disruptive than grazing, the ecosystems' ability to recover from this might be less rapid. In conclusion, our results suggests that at this point severe grazing pressure by geese in the Ny-Å lesund area has not resulted in a permanent ecosystem state change and that although grazing currently suppresses the C uptake of the ecosystem it is clear that if grazing pressure on the vegetation was reduced the C uptake during the growing season would recover.
